Abstract: Saharan wheats have been studied particularly from a botanical viewpoint. Genotypic identification, classification and genetic diversity studies to date were essentially based on the morphology of the spike and grain. For this, the allelic variation at the glutenin loci was studied in a set of Saharan bread and durum wheats from Algerian oases where this crop has been traditionally cultivated. The high molecular weight and low molecular weight glutenin subunit composition of 40 Saharan bread and 30 durum wheats was determined by SDS-PAGE. In Saharan bread wheats 32 alleles at the six glutenin loci were detected, which in combination resulted in 36 different patterns including 17 for HMW and 23 for LMW glutenin subunits. For the Saharan durum wheats, 29 different alleles were identified for the five glutenin loci studied. Altogether, 29 glutenin patterns were detected, including 13 for HMW-GS and 20 for LMW-GS. Three new alleles were found in Saharan wheats, two in durum wheat at the Glu-B1 and Glu-B3 loci, and one in bread wheat at the Glu-B1 locus. The mean indices of genetic variation at the six loci in bread wheat and at the five loci in durum wheat were 0.59 and 0.63, respectively, showing that Saharan wheats were more diverse. This information could be useful to select Saharan varieties with improved quality and also as a source of genes to develop new lines when breeding for quality.
Genetic Diversity of High and Low Molecular Weight Glutenin Subunits in Saharan Bread and Durum Wheats from Algerian Oases
Improving grain quality is a major challenge for many wheat breeding programmes. Wheat storage proteins, namely gliadins and glutenins, are the main components of gluten, which is the main contributor to the rheological and bread-making properties of wheat (Branlard et al. 2001) . Genetic studies have revealed that these proteins are encoded at several, complex and highly polymorphic loci. Glutenin subunits are classified as high molecular weight (HMW) and low molecular wheat (LMW) subunits on the basis of their mobility in SDS-PAGE. The LMW-GS are subdivided into B, C and D (Jackson et al. 1983) , with B subunits playing a major role in gluten quality (Ruiz & Carrillo 1995; Turchetta et al. 1995) . HMW subunits are encoded at the Glu-1 loci on the long arm of the group 1 chromosomes (Payne et al. 1980) . B-LMW-GS are inherited as groups controlled at Glu-3 and Glu-B2 loci (Singh & Shepherd 1988) . The natural variation found for all these protein loci is very important for improving wheat quality. Saharan wheats have remained poorly studied for a long time; several reasons may explain this fact: the isolation of the Saharan areas, the consumption of produced wheat, and the difficulty to study Saharan wheats out of their original environment, particularly because of their extreme sensitivity to yellow rust. Considerable work of collecting and describing Saharan wheat populations was presented in studies by Miege (1924) and Erroux (1958) . These studies were devoted to the morphological variability of ears and grains with the aim of classifying the different types encountered. This approach has limitations, and faced many difficulties due to the heterogeneity of the populations, the abundance of intermediate forms and the vagueness of the nomenclature. In this context, the diversity of Saharan wheat varieties and forms represents an important source of genetic variability and consequently, of valuable traits for wheat improvement. On the other hand, proteins are valuable biochemical markers for genetic analysis, and for the quantification of genetic diversity present in wheat collections (Kudryavtsev et al. 1996) . The objective of this study was to determine the allelic composition at glutenin loci encoding for high and low molecular weight glutenin subunits within Saharan bread and durum wheat cultivars. The allelic frequencies were used to analyse the genetic diversity of these proteins for both durum and bread Saharan wheats from Algerian oases.
MATERIAL AND METHODS

Plant material
A total of 70 cultivars of Saharan wheats originating from Algerian oases were analysed for high and low molecular weight glutenin subunits. This collection included 40 Saharan bread wheats and 30 Saharan durum wheats (Tables 1 and 2 ). These wheats were mostly collected and maintained at the National Institute of Agronomical Research (INRAA-Adrar, Algeria), the Technical Institute of Saharan Agricultural Development (ITDAS-Adrar, Djamaa-EL oued and Biskra, Algeria) and the Centre of Scientific and Technical Research in Dry Areas (CRSTRA-Biskra, Algeria). Ten of these cultivars were provided by farmers (Agini, Beliouni, Guemgoum Erkham1, Jenah Khotaifa, Hassi Ben Abdallah, Saba, Ghouff, Ramla, Hedba, and Touatia3).
Protein analysis
Glutenins were extracted following a sequential procedure (Singh et al. 1991) . Electrophoresis of glutenin subunits was performed using SDS-PAGE according to Singh et al. (1991) . High molecular weight (HMW) glutenin alleles at Glu-A1, Glu-B1 and Glu-D1 loci were identified using the nomenclature of Payne and Lawrence (1983) completed by Branlard et al. (2003) . B-low molecular weight (B-LMW) glutenin alleles at Glu-A3, Glu-B3, Glu-D3 and Glu-B2 loci were designated according to Nieto-Taladriz et al. (1997) for durum wheats, and according to Branlard et al. (2003) for bread wheats.
Statistical analysis
Allelic frequencies were calculated at each glutenin locus. The genetic diversity at each locus was calculated as follows: H = 1 -Σ Pi 2 , with H and Pi denoting the genetic variation index and the frequency of the number of alleles at the locus, respectively (Nei 1973) .
RESULTS
Polymorphism for HMW-GS and LMW-GS patterns in Saharan wheats
In Saharan bread wheats, 32 alleles were identified in total at the six loci Glu-A1, . On the basis of genetic diversity found at the six loci, 36 patterns were established among the 40 Saharan bread wheat cultivars analysed (Table 1) . Thirty three patterns were specific to one cultivar each. Extensive variability was observed for the HMW glutenins. A total of 16 HMW subunits were revealed from the analysis of different Saharan bread wheats. The majority of the forty cultivars analysed possessed three to five bands and 17 types of patterns were determined (Table 1) . Each combination was encountered in one to ten cultivars. Concerning the B-LMW subunits, large variability in patterns was detected and 23 combinations were listed ( Table 1 ). The number of cultivars for each combination of B-LMW subunits varied from one to six. The results showed that the greatest polymorphism of storage proteins in Saharan bread wheats was on chromosome 1B with nine allelic forms at the Glu-B1 and Glu-B3 loci.
In Saharan durum wheats, 29 different alleles at the Glu-1, Glu-3 and Glu-B2 loci were identified resulting in twenty-nine patterns in this collection. Twenty eight patterns were specific of one cultivar each as shown in Table 2 . Three and nine HMW glutenin subunits alleles were identified at the Glu-A1 and Glu-B1 loci, respectively. 17 alleles encoding LMW glutenin subunits were observed in the collection. Seven, eight and two alleles corresponded to the Glu-A3, Glu-B3 and Glu-B2 loci. Combinations of these alleles gave thirteen HMW-GS patterns and twenty LMW-GS patterns ( Table 2 ). The highest allelic variability for HMW and LMW glutenin subunits was found for chromosome 1B with nine and eight allelic forms at the Glu-B1 and Glu-B3 loci, respectively.
Allelic diversity of glutenins in Saharan wheats
The HMW-GS composition and allele frequencies in the 40 Saharan bread cultivars are shown in Table 3 . Sixteen different Glu-1 alleles were found, three at Glu-A1, nine at Glu-B1 and four at the Glu-D1 locus, included one allele at the Glu-B1 locus which had not previously been described in bread wheat. This novel allele encoded a subunit with slightly faster mobility than subunit 7 encoded by the Glu-B1a allele. This new subunit, designated new3, was present in the cultivar Fritas. Tahir et al. (1996) reported subunit 7f in bread wheat landraces from Pakistan and Fang et al. (2009) identified subunit 7** in Chinese endemic wheats with faster mobility than subunit 7. However, without making a direct comparison, it is not possible to decide whether subunit 7 detected in the study is identical or not to subunit 7f or 7**. At the Glu-A1 locus, allelic distribution among the 40 cultivars was 50% and 42.5% for the two alleles c and b, respectively, and lower for allele a with 7.5%. At the Glu-B1 locus, alleles b encoding for subunits 7+8, g encoding for subunits 13+19, i for subunits 17+18, and the new one were rare at 2.5%. Otherwise, the most frequent alleles were Glu-B1e and Glu-B1a encoding for subunits 20 and 7 with 40% and 22.5%, respectively. At the Glu-D1 locus, subunits 2+12 encoded by Glu-D1a were predominant (85%). The less frequent alleles were Glu-D1d (5+10), observed only in four cultivars, Glu-D1b (3+12) and Glu-D1e (2+11) were found only in one cultivar each. Using the bread wheat nomenclature proposed by Branlard et al. (2003) for LMW glutenin subunits, we were able to identify 16 LMW subunits among the 40 cultivars. The Glu-B3d and Glu-B3g alleles were frequent in the collection (27.5%). Otherwise, the less frequent alleles were the allele b' (2.5%), allele b, c and i (5%) and alleles f, h and j (7.5% and 10%), respectively. Concerning the Glu-A3 locus, 90% of the collection analysed can be characterized by two alleles only: Glu-A3a and Glu-A3d found in 60% and 30% of the cultivars, respectively. The two other alleles b and f were less common. For the Glu-D3 locus, we observed one allele at a low frequency: Glu-D3a encoded only in five cultivars (12.5%). The most frequently observed allele was Glu-D3b (52.5%). Moreover Glu-D3c was found in fourteen cultivars (35%). In Saharan durum wheats up to 12 allelic forms were detected at the Glu-1 loci encoded for HMW-GS (Table 4) . Three different alleles were detected at Glu-A1 and nine at Glu-B1. Although three alleles were observed at the Glu-A1 locus, the null allele (Glu-B1c) was found in most cultivars studied (86.67%). The Glu-A1b and Glu-A1VI alleles (encoding the 2* and 2*** subunits, respectively) Figure 1 . SDS-PAGE patterns of high molecular weight and low molecular weight glutenin subunits of Saharan durum wheat from Algerian oases; 1 -Democrat; 2 -M'zirâa; 3 -Kahlaya; 4 -Rempart; 5 -Djebli; 6 -Gabo; 7 -Ouled Khoudir; 8 -Vilmorin 53; 9 -El Ksor; 10 -Guemgoum Erkham1; 11 -Atlass 66; 12 -Chegga; 13 -Recital (lanes 1, 4, 6, 8, 11 and 13 wheat checks);  -Glu-B1new1, -Glu-B3new2 1 2 3 4 5 6 7 8 9 10 11 12 13
HMW subunits B-LMW subunits appeared at a lower frequency (6.67%), as each was present only in two cultivars among the 30 cultivars analysed. At the Glu-B1 locus, a total of 9 alleles were detected, of which one allele and two subunits were not described previously. The Glu-B1b allele (encoding the subunit pair 7+8) and Glu-B1e (subunit 20) were the most frequent at a frequency of 26.67% and 23.33%, respectively. Other alleles occurring at a relatively high frequency (13.33% and 10%) were Glu-B1f (encoding subunit pairs 13+16) and Glu-B1d (encoding subunit pairs 6+8). The alleles Glu-B1h, encoding for subunit 14+15, and Glu-B1u encoding for 7*+8, were rare (3.33%). The new allele was found in two cultivars only: Djebli and Guemgoum Erkham1. This allele encodes two subunits, of which one had a slightly lower mobility than that of band 6 of pair 6+8 encoded by the Glu-B1d allele, the other new subunit moved slightly slower than subunit 18 (Figure 1 ). This set of Saharan durum wheat germplasm displays abundant allelic variation for LMW-GS. A total of 17 alleles were identified (Table 4 ). The identified low molecular weight glutenin subunits were those previously described by Nieto-Taladriz et al. (1997) , except subunit 8+ encoded by the allele Glu-A3j, which was identified by Cherdouh et al. (2005) . The most common allele at Glu-A3 was Glu-A3c encoding subunits 6+10 with a frequency of 26.67%, followed by Glu-A3b encoding subunit 5 at 23.33%. The allele classified as rare was Glu-B3j (subunit 8+) detected at a lower frequency of 3.33%. At the Glu-B3 locus, the frequency of Glu-B3h allele was 23.33%, and it was the most frequent followed by Glu-B3a and Glu-B3b with 20% each. Two other alleles, Glu-B3c and the new allele were considered relatively abundant at 16.67% and 10% respectively. At the Glu-B2 locus, 36.66% of the collection was characterized as carrying the GluB2a allele. The null allele (Glu-B2b) was present in 63.33% of the collection.
DISCUSSION
Saharan bread wheats
The genetic diversity index of 0.59 was higher than the value 0.40 obtained in winter wheat cultivars from the Czech Republic (Bradová & Štočková 2010) . All the loci, except Glu-D1, displayed a genetic variability higher than 0.50, Glu-B3 being the most polymorphic (Table 3 ). The number of alleles detected at the Glu-1 and Glu-3 loci was higher than that in other collections. The HMW-GS composition had been widely used to assess the genetic diversity and grain quality of wheat. The frequency of a number of subunits in the Saharan bread wheats differed considerably from that noted in the previous study. Subunit 1 at Glu-A1, subunits 7+8, 7+9, 6+8, 13+19, 17+18, 6+22 and the new allele at Glu-B1 and subunits 3+12 and 2+11 at Glu-D1 appeared less frequently in this study while subunits 20 and 7 at Glu-B1 were observed more frequently. A total of 16 alleles encoding for HMW-GS were present in only 40 cultivars of Saharan bread wheat and this high level of diversity agrees with the results of Fang et al. (2009) and with the results of Wei et al. (2001) . Major differences between Saharan wheats and other collections were observed in the frequency of subunit 7 although Saharan wheats had subunit pair 6+22 (4 varieties) controlled by Glu-B1o. The effect of these subunits on wheat quality still remains unclear. No Saharan varieties possessed subunit pair 14+15 controlled by Glu-B1h, which was in the other collections. The forty Saharan bread wheats had a somewhat rare subunit pair; 17+18 (Chetla), subunit 20 (16 varieties), and subunit 13+19 (Touatia3). It is thus clear that allelic variation among the Saharan bread wheats is considerable at the Glu-B1 locus. Subunit pair 5+10 at the Glu-D1 allele is seen more frequently in European (Payne et al. 1984) than in Saharan wheat cultivars, possibly owing to their correlation with good bread-making quality. The mean genetic variation index at Glu1 was 0.53. It was higher than that reported for other collections, showing that Saharan hexaploid wheats have relatively high genetic diversity. High diversity was found in the Saharan wheats for LMW-GS. The Glu-A3a allele was the most frequent as it was in French cultivars (Branlard et al. 2003) and winter wheats from the Czech Republic (Bradová & Štočková 2010) . The number of alleles detected at Glu-B3 (9 alleles) was the same as that found by Darbandi et al. (2010) in Iranian cultivars and seven of them were present in both collections. The most frequent alleles were Glu-B3d and Glu-B3g. The same results were observed in French cultivars and winter wheat cultivars from the Czech Republic for Glu-B3g allele, but Glu-B3d was less frequent in both collections. The allele b was the most frequent at the Glu-D3 locus in Saharan cultivars as it was in Iranian cultivars.
Conversely, Branlard et al. (2003) and Bradová and Štočková (2010) found that Glu-D3c was the predominant allele.
Saharan durum wheats
The results obtained showed rather a high polymorphism in HMW-GS and LMW-GS variation, especially for the Glu-B1 and Glu-B3 loci. A total of 29 different alleles were identified for the five glutenin loci studied. Two new alleles were found, one at Glu-B1 and the other at Glu-B3. For the Glu-B1 locus, some alleles are very frequent: more particularly the alleles Glu-B1b and Glu-B1e encoding subunits 7+8 and 20, respectively. These results are in agreement with those of Moragues et al. (2006) , three alleles at Glu-A1 and 14 alleles at the Glu-B1 locus, where Glu-B1e and Glu-B1b were the most frequent. They agreed also with the results reported by Carrillo (1995) . However, most cultivars of Saharan durum wheat analysed do not have subunit 6+8 encoded by Glu-B1d. Conversely, Hamdi et al. (2010) found that GluB1e and Glu-B1d were predominant in 856 accessions of durum wheat collected in Algeria. Similar results were obtained by Cherdouh et al. (2005) , who studied genetic diversity in a set of 45 Algerian durum wheat landraces and old cultivars and observed that Glu-B1e and Glu-B1d alleles were predominant. For the B-LMW glutenins, seven, eight and two were observed at Glu-A3, Glu-B3 and Glu-B2, respectively, in Saharan wheats. Six of the seven alleles detected at the Glu-A3 locus were the same as those found by Hamdi et al. (2010) . The Glu-A3c allele was the most frequent in our study. Most of the glutenin alleles found among modern cultivars (Nieto-Taladriz et al. 1997 Igrejas et al. 1999) are present in the analysed Saharan durum wheat collection. On the other hand, rare LMW glutenin alleles have only been found in old Spanish and Portuguese cultivars (Nieto-Taladriz et al. 1997; . Among those rare alleles f, g, i, e, f, g, h, i, j, k) , GluB3f, were present in Saharan durum wheats. The genetic variability at 0.63 was higher than 0.36, which was obtained in cultivars from Portugal (Igrejas et al. 1999) , contrary, it was lower than 0.72 found in durum wheat landraces from Spain (Aguiriano et al. 2008) , and 0.67 obtained in Mediterranean landraces (Moragues et al. 2006) . From the quality point of view, Saharan durum wheats from Algeria have a high percentage of HMW and B-LMW glutenin alleles related to grain quality such as Glu-A1a (Kaan et al. 1993; Aghai et al. 1996) , GluB1a and Glu-B1d, but the HMW glutenin subunits appear to play a much less important role in the end-use quality of durum wheat (Du Cros 1987) , and only GluB1e has been related with poor quality (Carrillo et al. 1990; Nieto-Taladriz et al. 2000) . B-LMW glutenin alleles related to high gluten strength were observed such as Glu-A3a, Glu-A3c, Glu-A3d, GluA3h and Glu-B3a, Glu-B3c (Carrillo et al. 2000) . It would be interesting to make a quality evaluation of these lines, mainly to determine the effect on quality of the alleles and allele combinations for which no data are available. This information could be useful to select local varieties with improved quality, and also to use them as a source of genes to develop new lines when breeding for quality.
In conclusion, this work shows that Saharan wheats from Algerian oases have extensive allelic variation in HMW-GS and LMW-GS, including new alleles. This indicates that Saharan wheats have a potential value in wheat breeding, and that further studies of their diversity are warranted.
